Introduction
Vesicular stomatitis virus (VSV), the prototype rhabdovirus, is a negative-sense ssRNA virus. The viral RNA serves as the template for both transcription of the five messenger RNAs, corresponding to the five genes N, NS, M, G and L, and for replication of the genome (Banerjee, 1977) . These events, as well as the capping, methylation and polyadenylylation of the mRNAs are catlysed by the virion-associated RNA polymerase composed of the L and NS proteins. The ribonucleoprotein (RNP) consists of the virion RNA, the N protein and the polymerase proteins, L and NS, and is capable of transcription (Banerjee, 1987) and replication in vitro (Hill et al., 1981 ; Hill & Summers, 1982) . The function of the VSV polymerase is thought to be regulated at some level by a host cell factor(s) (Pringle, 1978; Simpson & Obijeski, 1974; Simpson et al., 1979) , and although highly purified RNPs are capable of transcribing in vitro, soluble cell extracts increase the level of transcription and allow for replication in vitro (Hill & Summers, 1982; Banerjee, 1987) . Components of the eukaryotic cytoskeleton have been shown to be involved in virus replication (Lenk & Penman, 1979; Cervera et al., 1981 ; Chatterjee et al., 1984; Luftig, 1982) . We have reported that a microtubule-associated protein (MAP) fraction derived either from HeLa ceils or from bovine brain microtubules stimulated the replication and transcription in vitro 0000-9272 © 1990 SGM of VSV RNPs (Hill et al., 1986) .
MAPs consist of a number of proteins that co-purify with tubulin through several cycles of assembly and disassembly of microtubules. MAPs 1 and 2, the major MAP species and the tau proteins, a less abundant set of proteins, bind to and stimulate the polymerization of tubulin (Vallee, 1986) . There are many less abundant species of MAP, such as the STOP (stable tubule only polypeptide) protein (Margolis et aL, 1986 ) and many others not yet characterized.
In this report we describe the fractionation and partial characterization of bovine brain MAPs and show that the activity that stimulates VSV transcription in vitro resides in one of the minor protein species.
Methods
VSV in vitro transcription reactions. VSV RNPs were isolated from VSV (strain Indiana) as reported (Harmon & Summers, 1982) . The VSV RNP in vitro transcription reaction contained 50~tg RNPs, 30 mM-HEPES pH 7.4, 60 mM-KCI, 3 mM-magnesium acetate, 1 mM-DTT, 1 mM each of ATP, CTP and GTP, 0.1 mM-UTP, [ct-3Ep]UTP (1 mCi/ml) (New England Nuclear), 800 units of RNasin per ml (Promega Biotec), and 2 to 20 ~g of MAPs. The mixture was incubated at 32 °C for indicated times. Ten ~tl of a 100 I~1 reaction mix was removed and assayed for TCA-precipitable radioactivity at indicated times.
Separation of MAPs from tubulin. MAPs were separated from tubulin according to the method of Vallee (1986) . One chilled bovine brain, stripped of blood vessels and meninges, was homogenized in a blender for 30 s at low speed with an equal volume of PEM (0.1 M-P1PES-KOH pH 6.9, 1 mM-EGTA, 1 mM-MgSO4) at 4 °C. The homogenate was subjected to centrifugation in a Beckman JA 14 rotor at 14000 r.p.m. for 15 min at 4 °C. The supernatant was then cleared of fine particulate matter by centrifugation in a Beckman angle 35 rotor at 30000 r.p.m. for 90 min at 4 °C. Taxol (a gift from Dr Matthew Suffness, Natural Products Branch, Division of Cancer Treatment, NCI) and GTP were added to this supernatant to a final concentration of 10 laM and 1 mM respectively, and the solution was incubated at 37 °C for 15 min. The assembled microtubules were collected by centrifugation at 37 °C for 30 min at 18000 r.p.m, in a Beckman angle 35 rotor through a cushion of prewarmed 10% sucrose in PEM containing 10 laM-taxol and 1 mM-GTP. The tube and surface of the microtubule pellet were carefully rinsed with PEM and the pellet was resuspended in one-fifth of the original volume of PEM containing the above amounts of taxol and GTP. The resuspended microtubules were kept at 37 °C, NaCI was added to 0-35 M and the sample was subjected to centrifugation at 18000 r.p.m. (Beckman angle 35 rotor) for 30 min at 37 °C. The supernatant contained very little tubulin, and is referred to as the MAPs fraction; the tubulin pellet contained virtually no MAPs.
Preparation ofantisera. Polyclonal rabbit antisera were raised against MAPs 1 and MAPs 2 as previously described (Harmon & Summers, 1982) . Microtubules were electrophoresed on a preparative 6% polyacrylamide gel with an acrylamide: bisacrylamide ratio of 30:0-8. The MAPs 1 and 2 bands, visualized by Coomassie Blue stain, were excised from the gel and homogenized with an equal volume of complete Freund's adjuvant. Rabbits were injected intradermally on the back in several sites; immunizations were repeated every 2 or 3 weeks for 2 months. All rabbits were positive for antibodies by 6 weeks as determined by Ouchterlony immunodiffusion and Western blot analysis. IgG was prepared from whole serum by elution from a Protein A-Sepharose CL-4B column (Pharmacia), and was concentrated by lyophilization, and then dialysed against 0.01 M-HEPES pH 7.4. Monoclonal antibodies against MAP 1 A, 1 B, 2A and 2B were prepared in the same manner from the supernatants of monoclonal antibodyproducing cell cultures, a gift from Richard Vallee (Cell Biology Group, Worcester Foundation for Experimental Biology, Shrewsbury, Mass., U.S.A.).
CL-6B chromatography of MAPs.
Ten to 20 mg (as assayed by Bio-Rad protein assay) of the above MAPs preparation was concentrated by precipitation by the addition of a saturated ammonium sulphate solution to 50% (v/v) with stirring for 30 min at 4 °C. The precipitate was collected by centrifugation at 10000 r.p.m. (Beckman JS 13 rotor) for 30 min at 4 °C and then resuspended in 1 to 1.5 ml PEM buffer containing 7 M-urea. Up to 1 h was taken to dissolve the precipitate by gentle stirring on ice. Aggregates were removed by centrifugation for 5 min in an Eppendorf Centrifuge 5414 at 4 °C and the supernatant was layered onto a Sepharose CL-6B column (100 cm x 1-5 cm) equilibrated with PEM, 7M-urea, 0.1 mM-PMSF and 1 mM-DTT. Fractions (1-5 ml) were collected using a flow rate of 12 ml/h at 4 °C. Every fifth fraction was analysed for protein concentration and composition by using the Bio-Rad protein assay and PAGE. Appropriate fractions were then concentrated by ammonium sulphate precipitation as described above, dialysed for 2 h against 0.01 M-HEPES pH 7-4 with the above concentrations of PMSF and DTT, and assayed for stimulatory activity in an in vitro VSV transcription reaction. Some preparations were concentrated by the Centriprep 30 Concentrator (Amicon) eliminating the ammonium sulphate and dialysis steps.
Protein kinase assay. Reactions contained 20 to 40 lag of MAPs in HE PES pH 7.4, 10 raM-magnesium acetate and 10 laM-ATP. Ten laCi of [),-32p]ATP was added when assaying protein phosphorylation. When assaying for cAMP-dependent kinase, 10 laM of cAMP was included.
Incubation times were 10 to 30 rain for different experiments, a time period which was sufficient to allow for extensive phosphorylation of acceptor proteins.
Purification of the N RNA template and L and NS proteins. The L and NS proteins were purified according to the method of De & Banerjee (1984) with the following modifications. The NS protein was rechromatographed on a second phosphocellulose column to remove residual L protein, and then concentrated approximately 10-fold in a Centriprep 10 Concentrator (Amicon). The L protein which eluted from the first phosphocellulose column was diluted to 0.2 M-NaC1 with PC buffer (De & Banerjee, 1984) , and then concentrated as described above. The N-RNA template was purified by gradient centrifugation in CsC1 (Hill & Summers, 1982) .
When large amounts of these proteins were analysed on a polyacrylamide gel and detected by silver staining it was evident that the eluted L protein always contained very small but still detectable amounts of NS. Also the NS preparations, even after two phosphocellulose column steps always contained small but still detectable amounts of the L protein.
Results

Effect of anti-MAPs 1 and anti-MAPs 2 on VSV transcription in vitro stimulated by MAPs
Our previous studies (Hill et al., 1986) demonstrated that partially purified bovine brain MAPs stimulated VSV transcription in vitro. The MAPs preparations used in these studies contained MAPs 1, MAPs 2, tau and trace amounts of tubulin and other proteins. In an effort to determine whether the major MAP species were responsible for the transcription stimulation, we raised rabbit anti-MAPs 1 and anti-MAPs 2 polyclonal antisera. These sera were highly specific for MAPs 1 or MAPs 2 by Western blot analysis and were of sufficiently high titre in whole sera to be detected by Ouchterlony immunodiffusion (data not shown). The purified IgGs were used in the in vitro transcription reaction with MAPs to determine whether the stimulation of transcription by MAPs would be reduced or abolished. Monoclonal IgG antibodies against MAP 1A, MAP 1B and MAP 2A-2B (Vallee & Luca, 1985) were also used. The specificities of the monoclonal antibodies, anti-MAP 1A, 1B and 2A-2B have been described elsewhere (Vallee & Luca, 1985) . MAP IA and 1B are structurally different high Mr polypeptide components of MAPs 1, and MAP 2A and MAP 2B are more closely related components of MAPs 2. As seen in Fig. 1 , there was no inhibition of the stimulatory activity by any of these specific IgGs at any level tested.
Fractionation of MAPs by Sepharose CL-6B chromatography
As the various protein species in the total bovine brain approximately 350000 for MAPs 1 to well below 55000 for tubulin (see Fig. 2b ), with the major species being MAPs 1 and 2 (Mr 350000 and 280000 respectively), a filtration column (Sepharose CL-6B) was used for fractionation of these proteins. This particular Sepharose column separates proteins with Mr values of 4 × 104 to 4 × 106 and is stable with dissociating agents such as urea while retaining a high flow rate. Preliminary experiments indicated a high degree of aggregation of MAPs. To minimize this problem, urea was added to 7 M, to both the column buffer and the sample. The protein profile, a bar graph of the stimulatory activity and analysis of fractions by SDS-PAGE, are shown in Fig. 2 . A peak containing the majority of MAPs 1 and MAPs 2 (fractions 45 to 50) was eluted first, followed by proteins decreasing in size and ending in a large peak consisting mostly of polypeptides smaller than tubulin (fractions 70 to 75). The bar graph in Fig. 2(a) represents the level of stimulation of in vitro transcription by VSV RNPs exhibited by various column fractions. The base line of this graph represents the level of transcription of VSV RNPs with no added MAPs. As shown in Fig. 2(a) , the highest level of stimulatory activity was found in fractions 55 to 60, with significant amounts also in fractions 45 to 50. The breadth of the peak of stimulatory activity (from fractions 45 to 60) and the elution profiles of MAPs 1 and 2 (fractions 45 to 65) suggested that protein aggregation continued to be a problem even in the presence of 7 M-urea. (Mr standards run on the same column in 7 m-urea did not exhibit these broad peaks.) However fractions 55 to 60, which showed the highest level of stimulatory activity, when analysed by SDS-PAGE ( Fig. 2b ) showed comparatively little MAPs 1 and 2, no tubulin and only small amounts of tau and other proteins slightly larger than tubulin. From an analysis of the protein distributions in PAGE one could conclude that MAPs 1 and 2, tau and lower Mr species did not seem to be the major source of the stimulatory activity. One cannot rule out the possibility that the presence of more than one protein is required for the stimulation; analysis of this possibility must await further purification and reconstitution. The tau proteins (M r 55000 to 62000) (Cleveland et al., 1977) were present in fraction 60 in very low concentrations but in much higher amounts in fractions 65 to 70, along with tubulin (Mr 55000), and therefore not correlating with the stimulatory activity found in fractions 55 to 60.
Common to all fractions that contained VSV in vitro transcription stimulatory activity were several minor species of MAP with an apparent Mr of 100000 to 250000. These proteins are most clearly demonstrated in Fig. 2(b) , fractions 55 to 60.
The result of gel filtration chromatography suggested strongly that neither MAP 1, MAP 2, tubulin, nor tau was responsible for the stimulation of VSV transcription. Antibodies to MAPs 1 and 2 did not eliminate or reduce the activity, and the activity did not correspond to the fractions containing the majority of MAPs 1 and 2, tau or tubulin after fractionation.
Relationship ~of HeLa SIO stimulatory activity to bovine brain MAPs stimulatory activity
Addition of HeLa SIO to MAPs. In a previous communication, we demonstrated that HeLa cell $10 extracts markedly stimulated the VSV in vitro transcription system (Hill et al., 1986) . Other investigators also noted that extracts of uninfected cells stimulated the represented by bands 4 or 5 just larger than tubulin, which is seen most clearly in fraction 70 (Cleveland et al., 1977) . Stimulation by MAPs of VSV transcription 293 Time (h) Fig. 3 . Addition of HeLa cell S10 extract to MAPs and the heat stability of HeLa S10 and MAPs. (a) Amounts of HeLa S10 extract and column-fractionated MAPs that produced maximum stimulation in a VSV in uitro transcription reaction were combined in the same transcription reaction mix (4 pg MAPs + 10 p1 Sl0, x ) and compared with reactions containing either of the individual components (only 4 pg MAPs, 0 ; only 10 pl SlO, .)and with a control ( 0 ) with neither MAPs nor S10. (b) The HeLa SlO cell extract was heated to 100 'C for 5 min and then added to a VSV in vitro transcription reaction mix (10 p1 S10, x ) and compared to unheated S10 (10 p1, 0 ) and a control ( 0 ) with no S10. (c) Column-fractionated MAPs were heated to 100 "C for 5 min and then added to a VSV in uitro transcription reaction mix (14 pg MAPs, x ) and compared to unheated MAPs (14 ~g , 0 ) and a control ( 0 ) with no MAPs. Radioactivity was assayed as described in Methods. effect was observed (Fig. 3a) . The amount of HeLa S10 and bovine brain MAP active fractions used each gave maximum stimulation for VSV transcription in vitro when assayed separately.
Heat stability of HeLa S10 and MAPs. Some MAPs are remarkably resistant to heat denaturation in the absence of tubulin or bovine serum albumin. In the presence of tubulin during heat treatment, MAPs 1 is precipitated whereas MAPs 2 remains soluble and retains its micratubule assembling activity (Vallee, 1985; Kim et al., 1979) . When HeLa cell S10 extracts and the active fraction from the CL-6B column were heated to 100 "C for 5 min they both retained their stimulatory activity (Fig. 3b and c) . The experiments described above (Fig.  3a, b and c) were also performed with the MAPs preparations before column separation giving identical results.
CAMP-dependent and -independent kinases
MAPs 2 has a CAMP-dependent kinase associated with it, responsible for some of its phosphorylation (Vallee et al., 1981; Theurkauf & Vallee, 1983) . Other CAMPindependent kinases, Ca/phospholipid-dependent and Ca/calmodulin-dependent kinase I1 have been shown to be associated with MAPs (Tsuyama et al., 1987) . The phosphorylation and dephosphorylation of MAPs 2 is thought to be involved in the assembly and disassembly of microtubules (Theurkauf & Vallee, 1983) . Although MAPs 1 is also phosphorylated (Fig. 4b) to a lesser extent, no specific function has been attributed to the level of phosphorylation of MAPs 1.
The phosphorylation of the VSV NS protein has been the subject of many studies and it has been proposed that phosphorylation of this protein plays a role in the transcription and replication of the virus (Masters & Banerjee, 1986; Watanabe et al., 1974; Witt & Summers, 1980) . The variety of kinases found in both MAPs and VSV, the fact that the state of phosphorylation of NS proteins has an effect on VSV transcription (Hsu et al., 1982) and the observation that MAPs have an effect on VSV transcription led us to examine the phosphorylation patterns and effects of phosphorylated MAPs on VSV transcription.
The active fraction from a Sepharose CL-6B column was preincubated with CAMP and ATP or ATP alone for a sufficient time to allow for extensive phosphorylation (see Fig. 4b ) and subsequently added to a VSV in vitro transcription reaction. The results, shown in Fig. 4(a) , indicated that the state of phosphorylation of the active fraction did not affect the stimulation of VSV transcription. The same result was obtained using non-fractionated MAPs (data not shown). A similar experiment, using [ Y -~~P ] A T P as a radiolabel, was performed to identify the protein species which were phosphorylated in vitro by the cAMP-dependent and -independent kinases; the results are shown on the S D S -P A G E autoradiogram seen in Fig. 4(b) . There was slightly more phosphorylation of MAPs 2 by the cAMP-dependent kinase (Fig. 4b, lanes  4, 6, 8 and 10 ). Lanes 7 to 10 were loaded with the active fractions from a CL-6B column and it can be seen that most of the endogenous kinases reported to be associated with MAPs were removed (or inactivated) by gel filtration (compare lanes 5 and 6 with lanes 9 and 10). A small amount of cAMP-dependent phosphorylated MAPs 2 was detected in the reaction containing the active column fractions (lane 10). The kinases associated with purified VSV RNPs readily phosphorylated MAPs 2 and the VSV NS protein, and a cAMP-dependent kinase phosphorylated MAPs 2 more readily than the cAMP-independent kinase (lanes 7 and 8) . The crude, non-fractionated MAPs preparation (lanes 3 to 6) contained a large amount of kinase activity and these kinases phosphorylated MAPs l, MAPs 2, tubulin and a number of other proteins. Lanes 1 and 2 of Fig. 4(b) show VSV RNPs in the absence of MAPs with and without cAMP; there was no difference in the pattern of phosphorylation. Thus, Sepharose CL-6B chromatography appears to have separated the VSV in vitro stimulatory activity from most of the kinase activity reported to be associated with MAPs, and these kinase activities have no influence on the stimulation of VSV transcription by MAPs.
The effect of M A P s and tubulin on a reconstituted in vitro transcription reaction
As MAPs had such a striking effect on transcription in vitro, it was of interest to see whether this effect was on one or the other of the polymerase proteins, L and NS, or on both. The N -R N A template alone contained little if any transcriptional activity as shown in Fig. 5 (N  RNA) , although it contained trace amounts of L and NS. When MAPs were added to a reaction containing L plus NS and the template, or when MAPs were added to a reaction containing NS alone and the template, there was a marked stimulation of activity (by eight-or ninefold). This result is in contrast to those from reactions containing L alone plus template or L plus template plus MAPs, reactions which showed a very low level of stimulation. Perhaps the unexpected stimulation seen when MAPs were added to N-RNA plus NS was due to the low level of contaminating L protein in preparations of NS added in this reconstitution reaction. As De & Banerjee (1985) have shown that the optimum ratio of NS :L for their reconstituted in vitro transcription reaction was 70:I, it is not surprising that NS contaminated with trace amounts of L resulted in stimulation whereas L contaminated with trace amounts of NS did not. The reaction containing the N-RNA template plus either L or NS alone exhibited low levels of activity whereas N-RNA template plus L plus NS, at a molar ratio of about 1:140 for L:NS, showed a threefold increase over background (Fig. 5) .
Thus it appears that the MAP(s) acts when both L and NS are present and functional and that the MAPs cannot 'substitute' for either enzyme subunit. Since NS seems to be required in non-catalytic amounts (De & Banerjee, 1985) for maximum in vitro transcription, our results suggest strongly that MAPs cannot replace the NS 'function' in this reaction but rather stimulates synthesis with the complete enzyme plus the template.
To compare the effect of tubulin with MAPs in our reconstituted reaction, we added 5 ~tg of purified tubulin to reconstituted reaction mixes. Previously we had reported that tubulin had very little stimulatory effect on an in vitro transcription reaction containing purified VSV RNPs whereas purified MAPs stimulated the reaction by up to 16-fold (Hill et al., 1986) . As seen in Table 1 , addition of purified tubulin to the reconstituted system resulted in no stimulation of incorporation. However, addition of tubulin to a reaction containing the N RNA template plus L consistently produced a slight stimulation of incorporation (Table 1 ; a 1.8-fold increase). This latter finding is consistent with the observation of Chattopadhyay & Banerjee (1987 , 1988 ) (see Discussion). Thus, a reaction containing VSV RNP complexes responds in a similar fashion to a reaction containing the N-RNA template plus L plus NS: both show a striking stimulation of incorporation upon the addition of MAPs (Fig. 5 ) but no or slight stimulation with tubulin added (Table 1 ).
Discussion
Evidence for the involvement of cytoskeleton components in various aspects of virus replication has been accumulating from a large number of recent studies. In a previous report we demonstrated that HeLa cell extracts and bovine brain cytosketetal MAPs stimulated VSV transcription in vitro. Other laboratories have shown that actin microfilaments are implicated in virus budding for measles virus-, murine leukaemia virus-, vaccinia virusand frog virus 3-infected cells (Bohn et aL, 1986) and in the synthesis and assembly of Autographa californica nuclear polyhedrosis virus (Volkman et al., 1987) . Poliovirus RNA was shown to be bound to the cytoskeleton during viral replication (Weed et al., 1985) , adenovirus causes specific reorganization of the cytoskeleton during the course of infection (Staufenbiel et al., 1986) , and RNA synthesis and nucleocapsid assembly of Newcastle disease virus occurs on the cytoskeletal framework (Hamaguchi et al., 1985) . Virus particles, virus-specified tubules and inclusion bodies were seen to be associated with the cytoskeleton, specifically at intermediate filaments, in bluetongue virus-infected cells (Eaton et al., 1987) .
Tubulin has been found to bind specifically to simian virus 40 small t antigen-Sepharose adsorbents, and the small t antigen and tubulin co-immunoprecipitate from cell extracts after incubation with anti-small t antigen antibody (Murphy et al., 1986) . Moyer et al. (1986) , reported that tubulin stimulated VSV transcription in vitro by two-to seven-fold and that tubulin was an absolute requirement for Sendai virus transcription in vitro. Our previous data indicated that partially purified MAPs, and not tubulin, stimulated VSV transcription in vitro (Hill et al., 1986 ). Furthermore, we have observed recently that Sendai virus transcription in vitro, using the system of Dethlefsen & Kolakofsky (1983) , was stimulated fivefold by bovine brain MAPs resulting in full-length transcripts (data not shown).
Because of our previous findings we began studies to identify which MAPs were responsible for the stimulation of in vitro transcription of VSV RNPs. We used antisera, both polyclonal and monoclonal, against MAPs 1, MAPs 2, and individual components, and when the purified IgGs, after having been incubated with MAPs, were added to the VSV in vitro transcription reaction, there was no inhibition of stimulatory activity when compared to the control with only MAPs added. After further fractionation of the MAPs it was seen that MAPs 1 and MAPs 2 did not co-purify with the stimulatory activity.
Gel filtration fractionation of urea solubilized MAPs and the subsequent analysis of the VSV in vitro transcription stimulatory activity suggested strongly that MAPs 1 and 2, and tau were not responsible for this activity. MAPs 1 and 2 were present in the active fractions (55 to 60, Fig. 2b ) but in relatively small amounts when compared with fractions 45 to 50. Again, the tau proteins, most evident in fractions 65 to 70, did not co-purify with the activity. Our earlier finding (Hill et al., t986 ) that tubulin was not involved, was reconfirmed as the tubulin that was present in fractions 65, 70 and 75 did not co-purify with the activity. It is possible that more than one protein is required, such as MAPs 1 or 2, in conjunction with a minor species of MAP. Further attempts to purify the bovine brain MAP species responsible for the stimulation, using detergents, ionexchange chromatography and HPLC have not yet been successful in overcoming the problem of aggregation of these cytoskeletal proteins.
When the stimulatory activity found in HeLa cell S10 extracts was compared to bovine brain MAPs, certain characteristics were noted: firstly, the stimulatory activity of HeLa cell extracts fractionated with bovine brain MAPs, secondly HeLa S10 extracts and bovine brain MAPs were not additive in stimulatory activity when combined in a VSV in vitro transcription reaction, and thirdly, both activities were heat-resistant. These comparisons suggest that these activities involve similar factor or factors and that the stimulatory activity may be found in many different cell types.
The partial fractionation of MAPs demonstrated that the stimulatory activity could be separated from the previously described MAP-associated cAMP-dependent and -independent protein kinase activities (Vallee et al., 1981; Tsuyama et al., 1987) . These kinases did not appear to be involved in the stimulation of VSV in vitro transcription, although previous reports suggested that kinase activity was necessary for certain MAP functions (Theurkauf & Vallee, 1983) . Our studies of the in vitro reconstituted transcription reaction strongly suggest that the minor MAP species interact with the transcriptase, L plus NS, to stimulate transcription, and as indicated by Piwnica-Worms & Keene (1984) , probably acts also to increase the fidelity of transcription. One aim of these experiments was to determine whether the MAPs species could 'substitute' in some manner for the non-catalytic subunit of the enzyme, NS. The results (Fig. 5 ) showed clearly that this was not the case.
There has been a report on the effects of tubulin on a reconstituted in vitro transcription reaction (Chattopadhyay & Banerjee, 1987) . The authors added purified fitubulin to an in vitro transcription reaction which contained the N RNA template, the L protein and a truncated NS protein containing domains II and III, in an attempt to replace the acidic amino-terminal domain I of NS with the acidic fl-tubulin. This resulted in a 20 to 30~ stimulation of transcription. The authors mentioned also that poly-c-glutamic acid can partially replace the function of NS domain I. More recently, they have substituted the acidic amino-terminal domain I of the NS protein with a full-length gene for fl-tubulin in a chimeric clone, containing the tubulin gene and domains II and III of NS. The resulting protein supported transcription in their system at 65~ with respect to a control reaction containing the full-length NS protein.
As the authors pointed out, these results clearly suggest that domain I of NS can be partially replaced by acidic polypeptides and even by polyglutamic acid. However, tubulin added in trans reached only 30 ~ of control levels
